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Systematic and elaborate multidisciplinary
research of pedunculate oak and common
hornbeam began in the Forest Research
Institute in Jastrebarsko in 1991. That led to a
development of a method for monitoring
deposition in forest ecosystems which is now
closely related to the International Co-
operative Programme on Assessment and
Monitoring of Air Pollution Effects on Forest.
Several forest communities on the territory of
Croatia were monitored for Cl-, SO42--S, NH4+-
N, NO3--N, Na+, K+, Ca2+, and Mg2+ using that
method. Samples were collected by funnels
(bulks). Plastic lysimeters were placed in the
soil at the depth of 10 cm or beneath the
humus layer. They served to collect liquid that
seeped into the soil (seepage). Sampling was
carried out once a month or once in three
months. The results show that the monitored
forest ecosystems absorbed more deposited
particles (wet and dry sedimentation) than
control areas.
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A total of 18 plots were equipped with lysimeters to monitor the impact of deposited
matter on forest ecosystems until the year 2000. The soil types were defined and
chemically and physically analysed in the laboratory of Forest Research Institute. The
initial monitoring of wet and dry deposition from the atmosphere in Croatia included
forests of the Dinaric Alps. Beech and beech-fir forests in the south-western Croatia
were found to be exposed to strong deposition (1), which was confirmed by later
research (2–6). There is little methodological experience in the study of liquid soil
phase in forest ecosystems in Croatia, as only a few authors (7–9) applied the meth-
ods of lysimetric pedology in such research. These studies confirmed the existence of
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wet and dry deposition from the atmosphere into the liquid soil phase (percolate) of
our forest ecosystems. Lysimetric pedology served to determine the quality and the
quantity of percolate in soil (10).
METHODS
Plots were laid out and equipped for monitoring in forest communities of beech and
fir (Abieti-Fagetum illyricum/Ht.), submontane forest of beech (Homogino-alpine-
Fagetum sylvaticae/Ht 1938/Borh 1963), Aleppo pine, and evergreen oak (Querco
ilicis-Pinetum halepensis/Lasiel 1971), forest of evergreen oak (Querco ilicis), and
forest community of pedunculate oak and common hornbeam (Carpino-betuli, Quer-
cetum roboris, Ani} 1956/emed. Rau{ 1969 (Figure 1). Twelve plots were laid out in
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the forest of pedunculate oak and common hornbeam of which only six plots are
now in function due to damage caused by wild animals, sudden windstorms, or
human action. Table 1 lists all plots of the monitoring system.
Plots were equipped with lysimeters to measure percolate and with funnels to
sample liquids (sedimentation of dry and wet deposition). The opening surface of rain
gauges was 60 cm2, and the opening surface of funnels was at least 314 cm2. Six to
nine plastic rain gauges were placed on each plot and six to nine plastic funnels were
placed diagonally under the crowns of the trees, according to the recommendation of
the International Co-operative Programme on Assessment and Monitoring of Air Pol-
lution Effects on Forest (ICP) (Figure 2).
That many rain gauges and funnels were necessary to collect enough samples
over summer when the precipitation is scarce and to measure the average precipita-
tion in a forest stand. It is well known that dripping through tree crowns (throughfall)
varies in intensity, and to avoid greater variability we had to place more measuring
instruments. Three rain gauges and three funnels were placed in each control posi-
tion such as open space where the impact of vegetation was excluded.
We also put small plastic lysimeters to monitor soil solution. Liquid percolated
through soil was gathered at the bottom of a plastic rectangular container (dimen-
sions 46.5x23.5x10 cm) and then carried off to a container below the collector (a
canister of 25 to 30 l) (Figure 3). In liquid sampling, the liquid was sucked in from the
container by a special pump and stored to plastic bottles for analysis. The area of
Figure 2 Plot in pedunculate oak and common hornbeam community (PI–36)(B. Vrbek)
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collection with this kind of lysimeter was 1093 cm2. The collector was filled with
96% clean quartz sand and had special filters to separate percolate from soil parti-
cles. Lysimeters were placed on two depth levels in the pedological profile; under-
neath the humus layer at 10 cm and in the mineral part at 100 cm, where the
terrain allowed. Lysimeters can be placed at every 10–20 cm in more exhaustive
measurements, but never one above the other. Each lysimeter was placed in a
separate pit in the ground. Special attention was given to so called skeletal soil
(containing a greater share of stone) and inclination while covering the lysimeters.
We were careful not to mix layers. All soil had to be removed from the pit layer by
layer and replaced in the same sequence. Liquid samples were taken for analysis
after the soil above a lysimeter stabilised, that is, after one or two years.
Before the placement on plots, all instruments were washed with 10% nitrogen
acid and repeatedly with redistilled water. Liquids were sampled once or several times
where necessary. Samples were taken in rinsed plastic bottles with double lids and
frozen or sent to laboratory for analysis on the same day. The acidity and conductivity
of liquids were measured directly in the field, immediately after sampling. Chemical
composition of liquids was determined in the Meteorological and Hydrological Service
of Croatia. We applied analytical methods which are usually used to determine small
quantities of matter in water and precipitation, that is, spectrophotometry (spectro-
photometer Perkin Elmer Lambda-1) for SO42- and NO3- ions, ionselective electrodes
(ORION – microprocessor ion analyser, 901 model) for NH4+ and Cl- ions, and atomic
absorption spectrophotometry (atomic spectrophotometer Perkin Elmer, 603 model)
for the metal ions (Na+ and K+ – alkaline, Ca2+ and Mg2+ – earth alkaline. Conduc-
tivity (mS) and pH were measured in the field.
This method of monitoring deposition in forest ecosystems is similar in some
aspects to methods described earlier (11–13).
Figure 3 Lysimeter beneath the humus layer in plot ICP–106 (B. Vrbek)
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RESULTS AND DISCUSSION
Measurements of precipitation and soil solution in the forest of pedunculate oak and
common hornbeam (14) took six to seven years (since 1992). Monitoring of other
forest communities began later (from 1996 to 2000, Table 1). Tables 2, 3, and 4
show the 1997 analyses of deposited matter which includes the vegetation period (1
April – 1 November) for four plots in the forest community of pedunculate oak and
common hornbeam, for two plots in the beech and fir forest, submontane forest of
beech and for one plot in the forest of Aleppo pine and evergreen oak. The average
quantity of cations and anions determined in funnels placed below tree crowns and
in soil solution was, as a rule, higher than in control locations. The increased depo-
sition of Cl-, Na+, and Ca2+ in samples was noticeable on plot ICP-111. The finding
was expected as the plot was (Island of Kor~ula) sprayed by strong winds carrying
sodium, potassium, magnesium, and calcium from the sea. The increase of calcium
and sodium in soil solution points to increased transport of these elements through
Table 2 Average quantity of cations and anions collected below tree crowns during the vegetation
period (1 Apr–1 Nov 1997)
No. of Number of Cl
- NO3- -N SO42- -S NH4+ -N Mg2+ Na+ K+ Ca2+ pH in Ep
plot samples mg/dm3 H2O mS
Pl-6 8 1.66 3.12 0.66 0.30 0.88 0.52 5.21 1.58 5.26 67.1
Pl-15 8 1.65 2.45 0.56 0.05 1.10 0.34 6.12 3.08 5.48 35.4
Pl-25 8 4.91 6.05 0.13 0.49 1.35 0.18 19.60 3.46 5.61 78.3
Pl-36 8 1.44 2.30 0.85 0.43 0.75 0.21 6.69 2.67 5.70 35.1
ICP-103 6 2.84 1.56 0.85 0.89 0.86 0.48 6.33 3.32 5.08 48.2
ICP-105 4 1.26 1.38 0.56 0.65 0.25 0.39 1.10 1.63 5.77 17.52
ICP-106 8 1.62 2.05 1.11 0.75 1.22 0.56 4.44 3.31 5.12 33.6
ICP-111 4 31.0 4.21 1.85 0.07 3.28 19.50 5.56 8.11 5.92 137.8
Table 3 Average quantity of cations and anions in lysimeters during the vegetation
period (1 Apr–1 Nov 1997)
No. of Number of Cl
- NO3- -N SO42- -S NH4+ -N Mg2+ Na+ K+ Ca2+ pH in Ep
plot samples mg/dm3 H2O mS
Pl-6 8 1.66 3.38 0.75 0.11 1.47 0.20 3.09 1.85 4.96 40.1
Pl-15 8 2.17 2.90 0.91 0.22 1.09 0.42 3.69 2.16 5.26 32.7
Pl-25 8 2.19 6.05 1.38 0.08 2.65 1.09 2.18 6.43 5.78 75.2
Pl-36 6 1.88 4.11 1.21 0.14 1.96 0.87 1.91 2.11 4.75 33.3
ICP-103 3 3.01 5.62 0.88 0.64 2.67 0.79 1.85 13.10 4.98 104.9
ICP-105 3 1.18 3.47 1.10 0.05 0.88 0.44 0.31 6.56 5.45 37.7
ICP-106 – – – – – – – – – – –
ICP-111 3 38.1 5.04 1.41 0.10 4.42 28.25 6.41 20.85 6.98 199.0
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soil and to constant soil alkalisation. The role of the forest is to filter and absorb
most of the deposition impact. The deposition settles on the tree crowns; it is then
washed down to the ground and further transported through soil. The damage to
the soil depends on its capacity to buffer the impact, which is then manifested on
the growth of trees. These results agree with previous studies (15, 16) which pointed
to a major role of the forest and to the fact that total deposited matter was always
higher below the trees than in control locations. Similar results were obtained by
measuring throughfall in a forest of pedunculate oak and common hornbeam in
three age categories in the area of the river ^ esma (17). Maximum allowed concen-
trations of sulphates in emission are 3–15 kg/ha a year. Natural deposition of nitro-
gen is 1–2 kg/ha a year and of chlorine 1–3 kg/ha a year. In the most endangered
parts of Europe, sulphur depositions go as high as 100 kg/ha a year, and of nitro-
gen 3–15 kg/ha a year. Measurements in Zavi‘an, Zagreb (18), and Lividraga in
Gorski Kotar (19) show that there is also an increased deposition by air transport. It
is known that due to leaching of deposited matter, deposition of sulphur and other
elements is higher in the forest than in the open area. Deposition of sulphur in the
open area over a year amounts to 13 kg/ha, in a beech stand 22 kg/ha, and in
spruce plantation 33 kg/ha (20). In Lividraga, the annual deposition of SO42--S was
23.77 kg/ha, of NO3--N 9.24 kg/ha, of NH4+-N 14.98 kg/ha, of Cl- 32.63 kg/ha, and
of Ca+ 75.65 kg/ha (19). According to literature, the increased nitrogen poses great-
er danger to the forest ecosystems than does sulphur. Nitrogen acidifies the soil and
causes imbalance in the nutrition of a tree, weakening its resistance to unfavourable
abiotic (drought, low temperatures, and wind) and biotic factors (plant diseases and
insects).
CONCLUSION
Deposition of matter in forest ecosystems has increased in all monitored locations in
Croatia. It is particularly evident in the region of Kor~ula, where the spray of north-
Table 4 Average quantity of cations and anions in control locations during the vegetation
period (1 Apr–1 Nov 1997)
No. of Number of Cl
- NO3- -N SO42- -S NH4+ -N Mg2+ Na+ K+ Ca2+ pH in Ep
plot samples mg/dm3 H2O mS
Pl-6 8 0.79 1.10 0.31 0.06 0.19 0.19 0.27 0.85 5.11 14.3
Pl-15 8 0.77 1.23 0.38 0.12 0.22 0.21 0.33 0.42 5.23 15.1
Pl-25 3 0.76 4.70 0.34 0.15 0.37 0.47 3.07 1.51 5.79 27.1
Pl-36 6 1.06 1.14 0.44 0.05 0.33 0.26 0.15 1.09 5.29 13.1
ICP-103 4 0.61 1.12 0.54 0.11 0.22 0.28 1.03 1.11 5.38 16.2
ICP-105 3 0.72 1.23 0.48 0.10 0.31 0.34 0.85 1.21 5.76 17.1
ICP-106 4 0.56 2.12 0.56 0.16 0.42 0.23 0.92 1.73 5.62 26.2
ICP-111 3 5.90 1.58 1.35 0.12 0.64 2.70 2.03 3.64 6.39 42.0
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western and south winds carries it to tree crowns. It is then washed into the soil and
carried further below the humus layer. The spray is the main reason for the mani-
fold increase in sodium, potassium, calcium, and magnesium in soil. On control
locations, where the impact of vegetation is excluded, these amounts are always
lower.
The method described in this paper may well serve to extend the monitoring to
other major forest communities in Croatia in order to see how various types of trees
and communities affect dry and wet deposition.
REFERENCES
1. Glava~ V, Koenies H, Prpi} B. O unosu zra~nih polutanata u bukove i bukovo jelove {ume Dinar-
skog gorja sjeverozapadne Hrvatske [On entering of areal pollutants into beech and fir forest on the
Dinaric range of south-western Yugoslavia, in Croatian]. [um list 1985;(9–10):429–47.
2. Martinovi} J, Vrbek B. Istra‘ivanje imisijske acidifikacije u Hrvatskoj [Investigation of the immi-
sion soil acidification in Croatia, in Croatian)]. Rad [umar inst 1988;(75):177–81.
3. Komlenovi} N, Matkovi} N, Mo}an D, Rastovski P. Unos one~i{}enja iz zraka u {umi bukve i
jele (Abieti-Fagetum »Dinaricum«) u predjelu Lividrage u zapadnoj Hrvatskoj [Introduction of
pollutants from air into the beech and fir forest (Abieti-Fagetum »Dinaricum«) in the region of
Lividraga in Western Croatia, in Croatian]. [um list 1997;(7–8):353–60.
4. Vrbek B, Vrbek M, Vukeli} J. Zakiseljavanje i nakupljanje Pb, Cu i Zn u jelovim zajednicama
Nacionalnog parka »Risnjak« [Soil acidification and accumulation of Pb, Cu, and Zn in fir
forest communities of National Park »Risnjak«, in Croatian]. [um list 1991;(3–5):163–72.
5. Komlenovi} N, Gra~an J, Pezdirc N, Rastovski P. Utjecaj polutanata na bukove {ume i kulture
smreke u sjeverozapadnoj Hrvatskoj [Influence of pollutants on beech forest and spruce plan-
tations in North-West Croatia, in Croatian]. [um list 1988;(5–6):217–30.
6. Kauzlari} K. Utjecaj o{te}enja polutantima na umiranje {uma u Gorskom Kotaru [The effects
of damaging pollutants on dieback of forest in Gorski Kotar, in Croatian]. [um list 1988;(5–
6):231–45.
7. Vrankovi} A, Martinovi} J, Pernar N. Neki pokazatelji ekolo{kih promjena tla u Nacionalnom
parku Plitvi~ka jezera [Some indicators of ecological changes of soil in Plitvi~ka jezera National
Park, in Croatian]. ANUBIH 1991;(15):133–43.
8. Vrbek B. Metoda pedolo{kih istra‘ivanja u projektu ekonomsko-ekolo{ke valencije tipova {uma
(EEVT[) [The method of pedological researches in a project economic-ecological valencies of
forest types (EEVT[), in Croatian]. Rad [umar inst 1992;27(2):143–56.
9. Vrbek B. Pra}enje depozicije talo‘enih tvari u zajednici hrasta lu‘njaka i obi~noga graba na
podru~ju Uprave {uma Bjelovar [Monitoring deposition of sedimented matter in English oak
and common hornbeam community on the territory of forest management Bjelovar, in Croat-
ian]. Rad [umar inst 1993;28(1–2):129–45.
10. Joffe JS. A new type of lysimeter at the New Jersey Agricultural Experiment Station. Science
1929;70:147–8.
11. Laflamme D, Gosselin G, Laflamme J. Effets des polluants atmosphériques sur le lessivage des
cations basiques une èrablière à boulean janne et une sapinière à épinette rouge sur le bassin
du loc Clair [The leaching of basics cations by atmospheric pollutants in a yellow birch-maple
stand, in French]. Proceedings of 19th IUFRO Congress; 5–11 Aug 1990; Montreal, Canada.
Montreal: IUFRO; 1990. p. 643–4.
12. Lindberg SE, Turner RR. Factors influencing atmospheric deposition, stream export in forested
watersheds. Water, Air and Soil Pollut 1988;(39):123–56.
215Vrbek B: METHOD FOR MONITORING DEPOSITION IN FOREST ECOSYSTEMSArh Hig Rada Toksikol 2000;51:207–216
13. Breemen N, Visser WFJ, Pape T. Biogeochemistry of an oak-woodland ecosystem in the
Netherlands affected by acid atmospheric deposition. ed. Wageningen: Pudoc 1989; Agricul-
tural research reports; (930).
14. Rau{ \, Trinajsti} I, Vukeli} J, Medvedovi} J. Biljni svijet hrvatskih {uma [Plant life of Croatian
forests, in Croatian]. In: Rau{ \, Dundovi} J. editor. [ume u Hrvatskoj [Forests of Croatia, in
Croatian]. Zagreb: GZ 1992. p. 33–78.
15. Bretchel HM. Monitoring wet deposition in forest: quantitative and qualitative aspects. In:
Monitoring air pollution and forest ecosystem research. Brussels: Commision of the European
Communities; 1989. p. 39–63.
16. Balázs Á, Brechtel HM, Führer HW. Saure atmosphärische Niederschlagdeposition und ihre
Auswirckungen auf die chemische Qualität von Quellwaser im Hessischen Buntsandstein-
Mittelgebirge [Acidic precipitation deposition and its influences on the chemical quality of forest
spring water in the Hessian highlands of Bunter sandstone, in German]. Forstw Cbl 1992;(111):156–
68.
17. Krej~i V, Vrbek B. Razdioba oborina u zajednici hrasta lu‘njaka i obi~noga graba na podru~ju
sliva ^ esme utjecana staro{}u i vrstom drve}a [Distribution of precipitation in the community
of pedunculate oak and common hornbeam at the area of ^ esma basin influenced by the age
and species of trees, in Croatian]. [um list 1995;(9-10):317–22.
18. [olji} V, E{kinja I, [ojat V, Vrhovac A. Usporedba kemijskog sastava oborina na meteorolo{kim
stanicama Gri~ u Zagrebu i Zavi‘an na Velebitu [The comparision of chemical composition of
rainfalls at meteorological stations Gri~ in Zagreb and Zavi‘an on Velebit, in Croatian]. Ekologi-
ja 1989;24(2):107–19.
19. Komlenovi} N, Gra~an J. Kriti~ne vrijednosti optere}enja sumporom i du{ikom [Critical values
of loading with sulphur and nitrogen, in Croatian]. [um list 1989;(6-8):363–71.
20. Simon~i} P. Odziv gozdnega ekosistema na vplive kislih odlo‘in s poudarkom na preu~avanje
prehranskih razmer za smreko (Picea Abies L) Karst in bukev (Fagus sylvatica L.) v vplivnem
obmo~ju TE [o{tanj [The response of the forest ecosystems to the influences of acid depo-
sitions with the emphasis on the study of nutrition conditions for spruce (Picea abies (L) Karst)
and beech (Fagus sylvatica L.) in the area affected by the [o{tanj thermal power plant, in
Slovenian][Dissertation]. Ljubljana: Biotehni{ka fakulteta, Univerza v Ljubljani; 1996.
216 Vrbek B: METHOD FOR MONITORING DEPOSITION IN FOREST ECOSYSTEMSArh Hig Rada Toksikol 2000;51:207–216
Sa‘etak
METODA PRA]ENJA TALO@NIH TVARI U [UMSKIM EKOSUSTAVIMA
U [umarskom institutu, Jastrebarsko zapo~eta su 1991. godine sustavna i detaljna multidisciplinarna istra‘ivanja u
{umi hrasta lu‘njaka i obi~noga graba. Tada je razra|ena i metoda pra}enja talo‘nih tvari u {umskim
ekosustavima. Tom metodom do godine 2000. obuhva}eno je nekoliko {umskih zajednica na podru~ju Hrvatske.
Plohe su postavljene i opremljene za pra}enje u {umskim zajednicama bukve i jele, hrasta kitnjaka i obi~noga
graba, pretplaninskoj {umi bukve, alepskog bora i crnike, {umi crnike te u {umskoj zajednici hrasta lu‘njaka i
obi~noga graba. U {umi hrasta lu‘njaka i obi~noga graba bio je zastupljen najve}i broj ploha (ukupno 12). Danas je
u funkciji jo{ 6 ploha zbog te{ko}a u pra}enju i za{titi objekata bilo zbog divlja~i, iznenadnih ciklona (u godini
1999. uni{tene su vjetroizvalama 4 plohe) ili zbog gospodarenja {umama jer objekti nisu bili ogra|eni i ~uvani. Od
talo‘nih tvari pra}eni su: Cl-, SO42--S, NH4+-N, Na+,K+, Ca2+, Mg2+. Uzorkovanje se obavlja s pomo}u lijevaka povr{ine
otvora od najmanje 314 cm2, a koli~ina padalina mjeri se plasti~nim ki{omjerima povr{ine otvora 60 cm2. Lijevci i
ki{omjeri postavljaju se pod zastorom kro{anja te na otvorenom prostoru na svakoj plohi. Ki{omjeri i lijevci
postavljeni su u dijagonalnom rasporedu po 6–9 komada svaki na plohi veli~ine 30 X 30 m. Na kontrolnom mjestu
bez utjecaja vegetacije lijevci i ki{omjeri postavljeni su u slu~ajnom rasporedu ili u krugu. Plasti~ni se lizimetri
postavljaju u tlo na dubini od 10 cm ili ispod humusnog horizonta. Oni skupljaju procjednu teku}inu u tlu. Povr{ina
sabirnika (kadice) u ovom slu~aju iznosi 1093 cm2. Kao filtar u plasti~noj se posudi nalazi 96% ~isti kvarcni pijesak
radi pro~i{}avanja teku}ine od ~estica tala. Uzorkovanje se obavlja jednom na mjesec ili jednom tijekom tri
mjeseca. Prema dobivenim rezultatima pra}enja, na{i {umski ekosustavi primaju vi{e talo‘nih ~estica (suho i
mokro talo‘enje) u odnosu na kontrolne uzorke na otvorenom prostoru, a osobito je to izra‘eno na plohama na
otoku Kor~uli gdje je posolica jedan od glavnih razloga pove}anja sadr‘aja natrija, kalcija, kalija i magnezija u
uzorcima ispod kro{anja drve}a i u lizimetrijskim vodama.
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